During adaptive phenotypic evolution, some selectively fixed mutations may be directly causative and 17 others may be purely compensatory. The relative contribution of these two classes of mutation depends on 18 the form and prevalence of mutational pleiotropy. To investigate the nature of adaptive substitutions and 19
Introduction 28
During the adaptive evolution of a given trait, some of the selectively fixed mutations will be directly 29 causative (contributing to the adaptive improvement of the trait itself) and some may be purely 30
compensatory (alleviating problems that were created by initial attempts at solution). Little is known 31 about the relative contributions of these two types of substitution in adaptive phenotypic evolution and 32 much depends on the prevalence and magnitude of antagonistic pleiotropy (Burch & Chao, 1999 mutations that produce an adaptive improvement in one trait have adverse effects on other traits, then the 36 fixation of such mutations will select for compensatory mutations to mitigate the deleterious side effects, 37 and evolution will proceed as a 'two steps forward, one step back' process. In systems where it is possible 38
to identify the complete set of potentially causative mutations that are associated with an adaptive change 39
in phenotype, key insights could be obtained by using reverse genetics experiments to measure the direct 40 effects of individual mutations on the selected phenotype in conjunction with assessments of mutational 41 pleiotropy in the same genetic background.
4 of the affinity-enhancing αP119A mutation? Given that the substitutions in question involve closely 79 linked sites in the same gene, another possibility is that neutral mutations at the other sites simply 80
hitchhiked to fixation along with the positively selected mutation. Since the other mutations in bar-headed 81
goose Hb have not been tested, we do not know whether αP119A accounts for all or most of the evolved 82 change in O 2 affinity. Moreover, the original studies tested the effect of αP119A by introducing the 83 goose-specific amino acid state into recombinant human Hb. One potential problem with this type of 84
'horizontal' comparisonwhere residues are swapped between orthologous proteins of contemporary 85 speciesis that the focal mutation is introduced into a sequence context that is not evolutionarily 86
relevant. If mutations have context-dependent effects, then introducing goose-specific substitutions into 87
human Hb may not recapitulate the phenotypic effects of the mutations on the genetic background in 88 which they actually occurred (i.e., in the ancestor of bar-headed goose). An alternative 'vertical' approach 89
is to reconstruct and resurrect ancestral proteins to test the effects of historical mutations on the genetic 90 background in which they actually occurred during evolution (Harms & Thornton, 2010; Hochberg & 91 Thornton, 2017). 92
Here we revisit the functional evolution of bar-headed goose Hb, a classic text-book example of 93 biochemical adaptation. We reconstructed the α Aand β A -chain Hb sequences of the most recent common 94
ancestor of the bar-headed goose and its closest living relatives, all of which are lowland species in the 95 genus Anser. After identifying the particular substitutions that are specific to bar-headed goose, we used a 96 combinatorial approach to test the functional effects of each mutation in all possible multi-site 97 combinations. To examine possible pleiotropic effects of causative mutations, we also measured several 98
properties that potentially trade-off with Hb-O 2 affinity: susceptibility to spontaneous heme oxidation 99
(autoxidation rate), allosteric regulatory capacity (the sensitivity of Hb-O 2 affinity to modulation by 100 anionic effectors), and measures of both secondary and tertiary structural stability. Measuring the direct 101
and indirect effects of these mutations enabled us to address two fundamental questions about molecular Direction of amino acid substitutions 108
Using globin sequences from bar-headed goose, greylag goose, and other waterfowl species in the 109 subfamily Anserinae, we reconstructed the α-and β-chain sequences of the bar-headed goose/greylag 110 goose ancestor, which we call 'AncAnser' because it represents the most recent common ancestor of all 111 extant species in the genus Anser ( Figure 1A) . The principle of parsimony clearly indicates that all three 112 of the α-chain substitutions that distinguish the Hbs of bar-headed goose and greylag goose occurred in 113 the bar-headed goose lineage (Gα18S, Aα63V, and αP119A), whereas each of the two β-globin 114 substitutions occurred in the greylag goose lineage (βT4S and βD125E)( Figures 1A,B ). 115 116
Ancestral protein resurrection and functional testing 117
It is often implicitly assumed that the difference in Hb-O 2 affinity between bar-headed goose and greylag 118
goose is attributable to a derived increase in Hb-O 2 affinity in the bar-headed goose lineage (Black & 119 Tenney, 1980; Gillespie, 1991; Li, 1997; Hochachka & Somero, 2002) . In principle, however, the pattern 120 could be at least partly attributable to a derived reduction in Hb-O 2 affinity in the greylag goose lineage, 121 even if αP119A does account for the majority of the change in bar-headed goose. To resolve the polarity 122 of character state change, we synthesized, purified, and functionally tested recombinant Hbs (rHbs) 123
representing the wildtype Hb of bar-headed goose, the wildtype Hb of greylag goose, and the 124 reconstructed Hb of their common ancestor, AncAnser. Functional differences between bar-headed goose 125
and AncAnser rHbs reflect the net effect of three substitutions (αG18S, αA63V, and αP119A) and 126 differences between greylag goose and AncAnser reflect the net effect of two substitutions (βT4S and 127 βD125E; Figure 1B) . 128
Since genetically based differences in Hb-O 2 affinity may be attributable to differences in 129
intrinsic O 2 -affinity and/or changes in sensitivity to allosteric effectors in the red blood cell, we measured 130 O 2 -equilibria of purified rHbs under four standardized treatments: (i) in the absence of allosteric effectors 131 (stripped), (ii) in the presence of Clions (added as KCl), (iii) in the presence of inositol hexaphosphate 132 (IHP, a chemical analog of the endogenously produced inositol pentaphosphate), and (iv) in the 133 simultaneous presence of KCl and IHP. This latter treatment is most relevant to in vivo conditions in 134
avian red blood cells. In each treatment, we measured P 50 (the partial pressure of O 2 [PO 2 ] at which Hb is 135 50% saturated). To complement equilibrium measurements on the set of three rHbs and to gain further 136 insight into functional mechanisms, we also performed stopped-flow kinetic experiments to estimate O 2 137 binding and dissociation rates under the same conditions. 138
The O 2 -equilibrium measurements confirmed the results of previous studies (Petschow et al., 139 1977; Rollema & Bauer, 1979) by demonstrating that the Hb of bar-headed goose has a higher intrinsic 140
O 2 -affinity than that of greylag goose (as revealed by the lower P 50 for stripped Hb)( Figure 2A , Table 1 ). 141
This difference persisted in the presence of Clions (P 50(KCl) ), in the presence of IHP (P 50(IHP) ), and in the 142 simultaneous presence of both anions (P 50(KCl+IHP) )( Figure 2A , Table 1 ). The difference in Hb-O 2 affinity 143 between bar-headed goose and greylag goose is mainly attributable to differences in intrinsic affinity, as 144 there were no appreciable differences in sensitivities to allosteric effectors (Table 1) . This is consistent 145
with a previous report that native Hbs of bar-headed goose and greylag goose have identical binding 146 constants for inositol pentaphosphate (Rollema & Bauer, 1979) . Pairwise comparisons between each of 147 the two modern-day species and their reconstructed ancestor (AncAnser) revealed that the elevated Hb-O 2 148
affinity of the bar-headed goose is a derived character state. O 2 -equilibrium properties of greylag goose 149
and AncAnser rHbs were generally very similar (Figure 2A) . The triangulated comparison involving rHbs 150 from the two contemporary species (bar-headed goose and greylag goose) and their reconstructed 151 ancestor (AncAnser) revealed thatin the presence of physiological concentrations of Cland IHP -72% 152 of the difference in Hb-O 2 affinity between bar-headed goose and greylag goose is attributable to a 153 derived increase in the bar-headed goose lineage and the remaining 28% is attributable to a derived 154 reduction in the greylag goose lineage (Figure 2A) . This demonstrates the value of ancestral protein 155 resurrection for inferring the direction and magnitude of historical changes in character state. 156
Kinetic measurements demonstrated that the increased O 2 -affinity of bar-headed goose rHb (i.e., 157
the lower ratio of dissociation/association rate constants, k off /k on ) is attributable to a lower rate of 158 dissociation, k off , in combination with a faster rate of O 2 -binding, k on , relative to the Hbs of both greylag 159 goose and AncAnser ( Figure 2B ,C). The Hbs of greylag goose and AncAnser exhibited highly similar 160 rates of both k off and k on ( Figure 2B ,C). 161 162
Effects of individual mutations in bar-headed goose Hb 163
In combination with the inferred history of sequence changes ( Figure 1A,B ), the comparison between the 164 rHbs of bar-headed goose and AncAnser indicates that the derived increase in Hb-O 2 affinity in bar-165 headed goose must be attributable to the independent or joint effects of the three substitutions at sites α18, 166
α63, and α119. To measure the effects of each individual mutation in all possible multi-site combinations, 167
we used site-directed mutagenesis to synthesize each of the six possible mutational intermediates that 168 connect the ancestral and descendant genotypes ( Figure 1B) . In similar fashion, we synthesized each of 169 the two possible mutational intermediates that connect AncAnser and the wildtype genotype of greylag 170 goose ( Figure 1B) . 171
The analysis of the bar-headed goose mutations on the AncAnser background revealed that 172 mutations at each of the three α-chain sites (αG18S, αA63V, and αP119A) produced significant increases 173 in intrinsic Hb-O 2 affinity (indicated by reductions in P 50(stripped) )( Figure 3 , Table 1 ). The Pα119A 174 mutation had the largest effect on the ancestral background, producing an 18% reduction in P 50(stripped) 175
(increase in intrinsic Hb-O 2 affinity). On the same background, αG18S or αA63V produced 7% and 14% 176 reductions in P 50(stripped) , respectively. In the set of six (=3!) possible mutational pathways connecting the 177 low-affinity AncAnser genotype (GAP) and the high-affinity bar-headed goose genotype (SVA), the 178 αP119A mutation produced a significant increase in Hb-O 2 affinity on each of four possible backgrounds 179 6 (corresponding to the first step in the pathway, two alternative second steps, and the third step; Figure 3 ). 180
When tested on identical backgrounds, αP119A invariably produced a larger increase in intrinsic Hb-O 2 181 affinity than either αG18S or αA63V. Nonetheless, of the six possible forward pathways connecting GAP 182 and SVA, αP119A had the largest effect in four pathways and αA63V had the largest effect in the 183 remaining two. The two pathways in which αA63V had the largest effect were those in which it occurred 184
as the first step. In fact, αG18S or αA63V only produced significant increases in Hb-O 2 affinity when 185 they occurred as the first step. The effects of these two mutations were always smaller in magnitude when 186 they occurred on backgrounds in which the derived α119-Ala was present. In addition to differences in 187 average effect size, αP119A also exhibited a higher degree of additivity across backgrounds than the other 188 two mutations. For example, the affinity-enhancing effect of αP119A on the AncAnser background is 189 mirrored by a similarly pronounced reduction in O 2 -affinity when the mutation is reverted on the wildtype Given that the AncAnser and greylag goose rHbs exhibit similar equilibrium and kinetic O 2 -binding 208
properties (Figure 2A ,B,C), the two greylag goose mutations (βT4S and βD125E) obviously do not 209
produce an appreciable net change in combination. Interestingly, however, each mutation by itself 210 produces a slightly reduced sensitivity to IHP ( Table 1) , such that values of P 50(IHP) and P 50(KCl+IHP) for the 211 single-mutant intermediates were significantly lower than those for AncAnser and the wildtype genotype 212 of greylag goose. 213 214
Mutational pleiotropy 215
Since amino acid mutations often affect multiple aspects of protein biochemistry ( bar-headed goose rHb mutants revealed a striking pairwise interaction between mutations at α18 and α63 232
(residues which are located within 7 Ǻ of one another). The αA63V mutation produced a >2-fold increase 233
in the autoxidation rate on backgrounds in which the ancestral Gly is present at α18 ( ). An increase in side chain volume at α63 may compromise this 238 gating function, resulting in an increased susceptibility to heme oxidation. The increased autoxidation rate 239 caused by αA63V is fully compensated by αG18S ( Figure 5) , a highly unusual amino acid replacement 240 because glycine is the only amino acid at this site (the C-terminal end of the A helix) that permits the 241 main chain to adopt the typical Ramachandran angles (Figure 4figure supplement 1) . Introduction of 242 the serine side chain at α18 in bar-headed goose Hb forces this residue to undergo a peptide flip relative to 243
human Hb, so the carbonyl oxygen points in the opposite direction. This unusual replacement at α18 may 244 be required to accommodate the bulkier Val side chain at α63, thereby alleviating conformational stress. 245
Aside from the compensatory interaction between mutations at α18 and α63, we observed no 246 evidence for trade-offs between O 2 -affinity and any of the other measured functional or structural 247
properties. There were no significant correlations between ∆log P 50(stripped) and changes in allosteric 248 regulatory capacity (Table 1) 2B, source data 2) and there were no significant correlations between ∆log P 50(stripped) and changes in 252 stability over the physiological range (pH 6.5, r = -0.357; pH 7.5, r = -0.052). Likewise, the rHbs 253 exhibited very little variation in the stability of tertiary structure as measured by UV-visible spectroscopy 254
( Figure 3 figure supplement 2C, source data 3) and there were no significant correlations between ∆log 255 P 50(stripped) and changes in stability over the physiological range (pH 6.5, r = -0.511; pH 7.5, r = -0.338). In 256 summary, we found no evidence for pleiotropic trade-offs between intrinsic O 2 -affinity and any measured 257
properties of Hb structure or function other than autoxidation rate. 258 259
Conclusions 260
We now return to the two questions we posed at the outset: 261
(1) Do each of the bar-headed goose mutations contribute to the increased Hb-O 2 affinity? 262
It depends on the order in which the substitutions occur. Our experiments demonstrated that the αP119A 263 mutation always produced a significant increase in intrinsic Hb-O 2 affinity regardless of the background 264 in which it occurred. As documented previously (Jessen et al., 1991; Weber et al., 1993) , the αP119A 265 mutation also produces a significant affinity-enhancing effect on the far more divergent background of 266
human Hb (which differs from bar-headed goose Hb at 89 of 267 amino acid sites in each αβ half-267 molecule [33% divergence in protein sequence]). By contrast, αG18S or αA63V only produced 268 significant affinity-enhancing effects when they occurred as the first step in the pathway (on the 269
AncAnser background). If it was advantageous for the ancestor of today's bar-headed geese to have an 270
increased Hb-O 2 affinity, our experiments suggest that any of the three α-chain mutations alone would 271
have conferred a beneficial effect, but only αP119A would have produced the same effect after the other 272 two had already fixed. This illustrates an important point about distributions of mutational effect sizes in 273 adaptive walks: in the presence of epistasis, relative effect sizes may be highly dependent on the 274 sequential order in which the substitutions occur. 275 276
(2) Do function-altering mutations have deleterious pleiotropic effects on other aspects of protein 277 structure or function? 278
On the AncAnser background, the affinity-enhancing mutation, αA63V, produces a pronounced increase 279
in the autoxidation rate. This is consistent with the fact that engineered Hb and myoglobin mutants with Hb, the increased autoxidation rate caused by αA63V is completely compensated by a polarity-changing 283 mutation at a spatially proximal site, αG18S. This compensatory interaction suggests that the αG18S 284 mutation may have been fixed by selection not because it produced a beneficial main effect on Hb-O 2 285
affinity, but because it mitigated the deleterious pleiotropic effects of the affinity-altering αA63V 286 mutation. Alternatively, if αG18S preceded αA63V during the evolution of bar-headed goose Hb, then the 287 (conditionally) deleterious side effects of αA63V would not have been manifest.
288
Our experiments revealed no evidence to suggest that the affinity-altering αP1119A mutation expect that the spectrum of pleiotropic effects among spontaneous mutations or low-frequency variants 296 may be different from the spectrum of effects among evolutionary substitutions (mutations that passed 297 through the filter of purifying selection and eventually increased to a frequency of 1.0) (Streisfeld & 298 Rausher, 2011). The affinity-altering mutations that are most likely to fix (whether due to drift or positive 299 selection) may be those that have minimal pleiotropic effects and therefore do not require compensatory 300 mutations at other sites. 301 302
Materials and methods 303
Sequence data 304
We took sequence data for the α Aand β A -globin genes of all waterfowl species from published sources 305 (Oberthur et al., 1982; McCracken et al., 2010) . 306 307
Vector construction and site-directed mutagenesis 308
After optimizing nucleotide sequences of AncAnser α Aand β A -globin genes in accordance with E. coli 309 codon preferences, we synthesized the α A -β A -globin cassette (Eurofins MWG Operon). We cloned the 310 globin cassette into a custom intermediates connecting these wildtype sequences with AncAnser. We conducted the codon mutagenesis 315
using the QuikChange II XL Site-Directed Mutagenesis kit (Agilent Technologies) and we verified all 316 codon changes by DNA sequencing. 317 318
Expression and purification of recombinant Hbs 319
We carried out recombinant Hb expression in the E. coli JM109 (DE3) strain as described previously 320 (Natarajan et al., 2011). To ensure the complete cleavage of N-terminal methionines from the nascent 321 globin chains, we over-expressed methionine aminopeptidase (MAP) by co-transforming a plasmid (pCO-322 MAP) along with a kanamycin resistance gene (Shen et al., 1993) . We then co-transformed the pGM and 323 pCO-MAP plasmids and subjected them to dual selection in an LB agar plate containing ampicillin and 324
kanamycin. We carried out the over expression of each rHb mutant in 1.5 L of TB medium. 325
We grew bacterial cells at 37ºC in an orbital shaker at 200 rpm until absorbance values reached 326 0.6 to 0.8 at 600 nm. We then induced the bacterial cultures with 0.2 mM IPTG and supplemented them 327
with hemin (50 μg/ml) and glucose (20 g/L). The bacterial culture conditions and the protocol for 328 preparing cell lysates were described previously (Natarajan et al., 2011). We resuspended bacterial cells 329 in lysis buffer (50 mM Tris, 1 mM EDTA, 0.5 mM DTT, pH 7.0) with lysozyme (1 mg/g wet cells) and 330 incubated them in an ice bath for 30 min. Following sonication of the cells, we added 0.5-1.0% 331 polyethyleneimine solution, and we then centrifuged the crude lysate at 13,000 rpm for 45 min at 4°C. 332
We purified the rHbs by means of two-step ion-exchange chromatography. Using high-333
performance liquid chromatography (Äkta start, GE Healthcare), we passed the samples through a cation 334 exchange-column (SP-Sepharose) followed by passage through an anion-exchange column (Q-335 Sepharose). We subjected the clarified supernatant to overnight dialysis in Hepes buffer (20 mM Hepes 336 with 0.5mM EDTA, 1 mM DTT, 0.5mM IHP, pH 7.0) at 4°C. We used prepackaged SP-Sepharose 337 columns (HiTrap SPHP, 5 mL, 17-516101; GE Healthcare) equilibrated with Hepes buffer (20 mM Hepes 338 with 0.5mM EDTA, 1 mM DTT, 0.5mM IHP pH 7.0). After passing the samples through the column, we 339 eluted the rHb solutions against a linear gradient of 0-1.0 M NaCl. After desalting the eluted samples, we 340
performed an overnight dialysis against Tris buffer (20 mM Tris, 0.5mM EDTA, 1 mM DTT, pH 8.4) at 341
4°C. We then passed the dialyzed samples through a pre-equilibrated Q-Sepharose column (HiTrap QHP, 342
1 mL, 17-5158-01; GE Healthcare) with Tris buffer (20 mM Tris, 0.5mM EDTA, 1 mM DTT, pH 8.4).
343
We eluted the rHb samples with a linear gradient of 0-1.0 M NaCl. We then concentrated the samples and 344
desalted them by means of overnight dialysis against 10 mM Hepes buffer (pH 7.4). We then stored the 345 purified samples at -80° containing 1 mM EDTA and 3 mM catalase and superoxide dismutase per mole oxyHb. To measure the 380 spontaneous conversion of ferrous (Fe 2+ ) oxyHb to ferric (Fe 3+ ) metHb we recorded the absorbance 381 spectrum at regular intervals over a 90 h period. We collected spectra between 400nm and 700nm using a 382
BioTek Synergy2 multi-mode microplate reader (BioTek Instruments). We estimated autoxidation rates 383 by plotting the A 541 /A 630 ratio (ratio of absorbances at 540nm and 630nm) vs time, using IGOR Pro 6.37 384 software (Wavemetrics). We used the exponential offset formula in IGOR to calculate the 50% 385 absorbance per half-life (i.e., 0.5AU/half-life). 386 387
Measurements of structural stability 388 We assessed the pH-dependent stability of the rHbs by means of UV-visible spectroscopy. We prepared 389 20 mM filtered buffers spanning the pH range 2.0-11.0. We prepared 20 mM glycine-HCl for pH 2.0-390 3.5; 20 mM acetate for pH 4.0-5.5; 20 mM phosphate for pH 6.0-8.0; 20 mM glycine-NaOH for pH 8.5-391
10.0; 20 mM carbonate-NaOH for pH 10.5 and phosphate-NaOH for pH 11.0. We diluted the purified 392 rHb samples in the pH-specific buffers to achieve uniform protein concentrations of 0.15 mg/ml. We 393 incubated the samples for 3-4 h at 25°C prior to spectroscopic measurements, and we maintained this 394 same temperature during the course of the experiments. We measured absorbance in the range 260-700 395 nm using a Cary Varian Bio100 UV-Vis spectrophotometer (Varian) with Quartz cuvettes, and we used 396 IGOR Pro 6.37 (WaveMetrics) to process the raw spectra. For the same set of rHbs, we tested for changes 397
in secondary structure of the globin chains by measuring circular dichroism spectra on a JASCO J-815 398 spectropolarimeter using a quartz cell with a path length of 1 mm. We assessed changes in secondary 399 structure by measuring molar ellipticity in the far UV region between 190 and 260 nm in three 400
consecutive spectral scans per sample. 401 402
Structural modeling 403
We modelled structures of goose Hbs and the various mutational intermediates using the program COOT We thank E. E. Petersen for skilled assistance, H. Moriyama for sharing equipment, and K. G. 410
McCracken for helpful discussion. The mutation αA63V produces a >2-fold increase in autoxidation rate (k auto ) on genetic backgrounds with 470 the ancestral Gly at residue position α18. This effect is fully compensated by αG18S, as indicated by two 471 double-mutant cycles (A and B) in which mutations at both sites are tested individually and in pairwise 472
combination. Derived amino acid states are indicated by red lettering. 473 Table 1 . O 2 affinities (P 50 , torr) and anion sensitivities (∆log P 50 ) of rHbs representing bar-headed goose, greylag goose, their 705 reconstructed ancestor (AncAnser), and all possible mutational intermediates connecting AncAnser with each of the two descendant 706 species. O 2 equilibria were measured in 0.1 mM Hepes buffer at pH 7.4 (± 0.01) and 37ºC in the absence (stripped) and presence of Cl -707 ions (0.1 M KCl]) and IHP (at two-fold molar excess over tetrameric Hb). Anion sensitivities are indexed by the difference in log-708 transformed values of P 50 in the presence and absence of Clions (KCl) and IHP. The higher the ∆log P 50 value, the higher the 709 sensitivity of Hb-O 2 affinity to the presence of a given anion or combination of anions. For the bar-headed goose mutants (all 710 mutational intermediates between wildtype bar-headed goose and AncAnser), three-letter genotype codes denote amino acid states at 711 α18, α63, and α119 (amino acid abbreviations in black lettering = ancestral, red lettering = derived). At these same three sites,
712
AncAnser is 'GAP' the wildtype genotype of bar-headed goose is 'SVA'. For the greylag goose mutants (all mutational intermediates 713 between wildtype greylag goose and AncAnser), two-letter genotype codes denote amino acid states at β4 and β125 (amino acid 714 abbreviations in black lettering = ancestral, blue lettering = derived). At these same two sites, AncAnser is 'TD' the wildtype genotype 715 of greylag goose is 'SE'. The inset graphic shows the environment of the α63-Val residue. When valine replaces the ancestral alanine at this position, the larger volume of the side-chain causes minor steric clashes with two neighboring glycine residues, α25-Gly and α59-Gly and is predicted to increase flexibility of the AB corner. The distances between non-hydrogen atoms (depicted by dotted lines) are given in Ǻ. . Glycine residues are denoted by triangles, other residues by squares. One residue, α18-Ser, is conspicuous by its unusual backbone angles, and is shown as a green square. This position in the Ramachandran plot is highly unusual for any residue other than glycine. The turn in the backbone between the A and B helices can only be accommodated by a glycine, since the lack of a side-chain avoids the strong steric clash that would develop between a C β atom and the nitrogen atom of residue 19. The serine at α18 is therefore forced to flip the peptide conformation, such that its carbonyl group points in the opposite direction relative to that of Gly 18.
